Abstract: Assessment of tumor invasion depth prior to making therapeutic decisions in colorectal carcinoma is crucial for both the patient and the physician. In this paper, multiphoton microscopy (MPM) was used to simultaneously label freely image loose areolar connective tissue in the submucosa and intramuscular septa in the muscularis propria to perform assessment of colorectal carcinoma invasion depth. The results indicated that MPM can accurately exhibit whether colorectal carcinoma invades into the submucosa or the muscularis propria. Collagen content alteration and the presence of dirty necrosis can be extracted to serve as quantitatively intrinsic biomarkers for reflecting collagen degradation, the occurrence of desmoplastic reaction, and breakdown of cancer cells, which are tightly related to the prognosis of colorectal carcinoma. With the development and clinical applications of the multiphoton endoscope, in vivo histological-like diagnosis of tumor invasion depth may become its main application in the field of colorectal carcinoma and lead to faster and improved therapeutic decision making in the clinics.
Introduction
Colorectal carcinoma is one of the most common malignancies in the digestive system. The stage at diagnosis is an important prognostic factor to predict a five-year survival rate, whether or not all the lesions can be accurately diagnosed and resected, and how advanced the cancer is [1] and [2] . Early colorectal carcinoma is defined as a T1 or T2 stage tumor whose invasion is limited to the submucosa or muscularis propria, without lymph node metastasis [3] , [4] . The mucosal colorectal carcinoma and partial T1 stage of colorectal carcinoma without lymph node metastasis can be treated by endoscopic mucosal resection (EMR) or endoscopic submucosal dissection (ESD) [5] . Once tumor cells infiltrate beyond the muscularis propria or deeper tissues, physicians will take a completely different treatment strategy and provide the patient with an extended resection, administer systemic chemotherapy or radiation based on postoperative pathological stage, or only observe the patient in a period of time. Regardless of which method is used, rigorous preoperative assessment and postoperative pathological diagnosis are essential for the choice of treatment and therapeutic effect. One of the primary factors for physicians to make the treatment plan is the assessment of tumor invasion depth. Many noninvasive medical imaging techniques, including computed tomographic (CT) scanning, endoscopic ultrasonography (EUS), and magnetic resonance image (MRI) scanning, are used to clinically assess tumor invasion depth [6] , [7] . Unfortunately, none of them provides histological analysis at cellular resolution prior to therapeutic decision-making in colorectal carcinoma.
The conventional histological method is a lengthy procedure due to multiple steps involved in tissue preparation process including formalin fixation, paraffin embedding, sectioning and dyestaining. And in H&E stained images, nuclei typically stained blue with hematoxylin while the cytoplasm, collagen fibers, and muscle fibers all stained red with eosin. Therefore, cellular architecture can be well identified, but collagen fibers and muscle fibers are difficult to be accurately identified in H&E stained images. It needs special dyes to stain collagen fibers in the submucosa and muscle fibers in the muscularis propria to distinguish between them [8] .
Multiphoton microscopy (MPM) based on two-photon excited fluorescence (TPEF) and second harmonic generation (SHG) has become a powerful, important tool for imaging unstained tissue at the cellular level. However, many reports pay more attention to the application of this technology in the diagnostic of early carcinoma of stage Tis or T1; rarely involve the carcinoma of stage T2 [9] - [11] . In this paper, we simultaneously imaged loose areolar connective tissue in the submucosa and intramuscular septa in the muscularis propria to distinguish between them using MPM, Our studies focus on the boundary between the submucosa and muscularis propria layers and try to assess whether colorectal carcinoma invades into the submucosa or the muscularis propria.
Materials and Methods

Tissue Samples
A total of ten pairs of normal and carcinoma tissue samples were obtained immediately after resection from ten patients undergoing a colectomy for colorectal carcinoma. The normal colorectal tissue was collected about 6 cm away from cancer margin. Ten patients with colorectal adenocarcinoma confirmed by pre-op endoscopic biopsy were recruited to participate in this study, which was approved by Institutional Review Board of Fujian Medical University, the Affiliated Union Hospital. Written informed consent was obtained prior to study participation. After open surgery or laparoscopic surgery, the specimen was placed in a standard pathologic transport container covered with ice and then sent to the pathology laboratory. In order to clearly display our experimental results and demonstrate that MPM has the potential to assess tumor invasion depth, each colorectal tissue was sectioned into specimens approximately 10 m in thickness by cryostat microtome. Two of three consecutive sections were used for multiphoton microscopic imaging (the boundary between submucosa and muscularis propria layers are our regions of interest), and the middle section was stained with H&E for histological comparison to the multiphoton microscopic results.
Imaging System
The multiphoton microscopy system used in this study has been previously described in detail [12] . Briefly, an inverted microscope (LSM 510 META; Carl Zeiss, Inc.) was equipped with a mode-locked Ti: sapphire laser (Mira 900-F; Coherent, Inc.) pumped by a 10-W solid-state laser (Verdi-10; Coherent, Inc.) for multiphoton imaging. The spectral detector with eight independent-channels consists of a high-quality, reflective grating and an optimized 32-channel photomultiplier tube (PMT) array detector, covering a spectral width of approximately 340 nm ranging from 377 nm to 716 nm. Under the Multichannel Mode setting, two independentchannels were chosen to collect SHG/TPEF signals from the specimen. One channel covered the wavelength range from 389 to 419 nm for collection of SHG signals whereas another channel covered the wavelength range from 430 to 716 nm for collection of TPEF signals at an excitation wavelength of 810 nm. In order to increase the contrast of SHG/TPEF image, SHG images are color-coded green and TPEF images are color-coded red. All images have a 12-bit pixel depth. The images were obtained at 2.56 s per pixel.
Quantitative Analysis
Collagen content alteration and presence of dirty necrosis are tightly related to prognosis of colorectal carcinoma. In order to quantitatively describe the changes of tissue architecture and features when cancer cells invaded into the submucosa and muscularis propria layers, the collagen area and TPEF signal intensity of dirty necrosis were analyzed. The collagen area was determined by counting the ratio of SHG pixels over all pixels. The TPEF signal intensity of dirty necrosis was determined by using the image-guided spectral analysis method after obtaining the emission spectra of specimens under the Lambda Mode setting, in which the emission spectra of region of interest within spectral images can be investigated by plotting the mean intensity of all pixels within the region of interest versus the center wavelength of each emission band [13] . In this paper, the emission spectra of dirty necrosis and cancer cells around it were recorded and analyzed in order to distinguish between them.
Results and Discussion
Under the Multichannel Mode setting, two independent-channels were chosen to collect SHG/ TPEF signals from the submucosa and muscularis propria layers. Fig. 1 displays SHG, TPEF and overlaid images of normal submucosa and muscularis propria layers. It can be seen that MPM can clearly reveal the microstructures of strands of densely collagen fibers and elastic fibers with small diameters and a thread-like structure in the submucosa and intramuscular septa. Condensed collagen fibers (collagen bundles) emitted comparable SHG and TPEF signals. In the overlaid images [see Fig. 1 (c) and (f)], they presented yellowish color. The elastic fibers solely produced TPEF signals, just showing green-coded color. They arrange in no particular pattern but run in all directions in the submucosa layer whereas they run parallel to the fixed directions and display a regular parallel array and individual septa run only a few hundred microns along the length of tissue before giving way to other septa in the circular muscle layer [14] , [15] . Fig. 2 shows an overlaid SHG/TPEF image and the corresponding H&E stained image of boundary between normal submucosa and muscularis propria layers. The boundary between these two layers was discerned readily due to completely different spatial arrangement of collagen fibers and elastic fibers in the submucosa and intramuscular septa [see Fig. 2(a) ]. The collagen fibers in the submucosa layer had definitely higher content when compared to those in the muscularis propria layer. To be specific, the proportion of collagen area in normal submucosa was 0.663 AE 0.011 while in muscularis propria was 0.174 AE 0.025. This further highlighted the position of border between these two layers in MPM image. Although the corresponding H&E stained image [see Fig. 2(b) ] failed to present the border as clearly as in MPM image, it can still confirm the identification of boundary based on MPM. Fig. 3 shows an overlaid SHG/TPEF image and the corresponding H&E stained image of submucosal invasive adenocarcinoma next to the boundary between these two layers. The overall MPM image [see Fig. 3(a) ] can be divided into three parts. In the left part, MPM clearly revealed the infiltrative growth pattern of adenocarcinoma in the submucosa, which was characterized by a simple tubular structure [16] . A single carcinoma gland maintained relatively well glandular architecture but exhibited manifest distortion. A lot of dirty necrosis was present and typically accumulated within the lumina of carcinoma tubular glands (arrows), which resulted from breakdown of carcinoma cells [17] , [18] . MPM images also revealed the marked pleomorphic and roundish structure of carcinoma cells with variable size and shape (arrowheads). The dirty necrosis emitted higher TPEF signal intensity when compared to carcinoma cells. To be specific, the TPEF signal intensity ratio of dirty necrosis to cancer cells around it was 4.59 AE 0.63. The apparent difference of their TPEF signal intensity makes it easy to distinguish dirty necrosis from carcinoma cells and determine whether the presence of dirty necrosis or not, which is tightly related to prognosis of colorectal carcinoma [17] , [18] . Carcinoma cells can secrete matrix metalloproteinases to degrade collagen fibers and this facilitates them invade into the submucosa or deeper tissues [19] , [20] . Although compared to the proportion of collagen area in normal submucosa (0.663 AE 0.011), the proportion of collagen area in the submucosa decreased to as low as 0.005 AE 0.001, a few collagen fibers could still be identified in the left part of MPM image. In the middle and right parts of image, MPM revealed the microstructures of collagen fibers and elastic fibers in the submucosa and muscularis propria layers without invasion of cancer cells. Unlike what was observed in normal tissue, they were disorganized, even disrupted, and similar to those seen in the pattern of hypertrophic scar tissues [21] . Even so, the boundary between submucosa and muscularis propria layers was still discerned readily in the border between the middle and right part of MPM image. The same details of cellular architecture correlated readily with H&E stained image [see Fig. 3(b) ]. However, the boundary between submucosa and muscularis propria layers was difficult to be identified in H&E stained image. Fig. 4 shows an overlaid SHG/TPEF image and the corresponding H&E stained image of adenocarcinoma just invading through submucosa into muscularis propria. In the left part of the MPM image [see Fig. 4(a) ], MPM revealed the microstructures of decreased collagen fibers in the submucosa. In the right part, a single carcinoma gland with the distorted lumina was present in the muscularis propria. The randomly orientated immature collagen fibers due to the occurrence of desmoplastic reaction were also identified readily in this layer (star symbol) [22] , [23] . The magnified SHG/TPEF image of immature collagen fibers presented the apparent increase of collagen content when compared to normal muscularis propria (see Fig. 5 ). To be specific, the proportion of collagen area in normal muscularis propria was 0.174 AE 0.025 but increased to 0.256 AE 0.014 when cancer cells invaded into the muscularis propria layer. Table 1 displays the collagen content alteration in the normal and cancerous tissue, reflecting collagen degradation in the submucosa and the occurrence of desmoplastic reaction in the muscularis propria. The same details of cellular architecture correlated readily with the H&E stained image [see Fig. 4(b) ], but the boundary between submucosa and muscularis propria layers was difficult to be identified in H&E stained image. Collagen content alteration in the normal and cancerous tissue from colorectal submucosa and muscularis propria layers MPM has several unique advantages of being label-free, intrinsic optical sectioning ability, near-infrared excitation for deep penetration depth into tissue, reduced photobleaching and phototoxicity in the out-of-focus regions, and the capability of providing quantitative information. It has been used to examine the potential applications in the field of colorectal cancer including monitoring colorectal cancer progression [24] , [25] , detecting tumor metastasis and microenvironment [26] - [28] , evaluating colorectal cancer therapy response [29] , and visualizing and ablating preinvasive colorectal cancer cells [30] . In this paper, this technique was extended to assess colorectal carcinoma invasion depth in the colorectal submucosa or muscularis propria layers. Collagen fibers and elastic fibers are predominant loose connective tissues in the submucosa and in intramuscular septa of circular muscle layer. Without the need of exogenous fluorescein, collagen fibers and elastic fibers can label-freely image through SHG signal of collagen fibers and TPEF signals of collagen fibers and elastic fibers. Their different spatial arrangement and apparently different content make it easy to accurately identify the position of border between these two layers. At the same time, the quantitative analysis of collagen content alteration and presence of dirty necrosis can be extracted to reflect whether the collagen degradation, desmoplastic reaction and breakdown of cancer cells occur when tumor cells invade into the submucosa or muscularis propria layers. The occurrence of desmoplastic reaction and absence of dirty necrosis are suggested to be good prognostic biomarkers and influence the decision of clinical therapeutic strategies in patients [20] , [23] .
The exploitation of multiphoton endoscope for intravital imaging that translates MPM into the clinics has been performed, especially the design of compact and flexible MPM probes for future clinical applications of colon or rectum has achieved apparent advances [11] , [31] - [34] . Using multi-element Olympus stick objective lens and gradient index (GRIN) lenses, three kinds of miniaturized multiphoton probes were fabricated and used to in vivo image normal rat colon or the colorectal cancer in mouse models [11] , [31] , [32] . A microelectromechanical system mirror scanning mechanism and a miniaturized resonant/nonresonant fiber raster scanner have been introduced in multiphoton probe and were incorporated with optical fiber and GRIN lens to image mouse colon [33] , [34] . These two kinds of multiphoton probe can be fabricated into enough small dimensions to allow the flexible and compact probe to be incorporated into the accessory channel of standard colonoscope or trocar of laparoscope to form a custom multiphoton endoscope for intravital imaging. The design of future MPM probe should consider imaging depth of tissue because the above multiphoton probe limit in the imaging of superficial tissue. GRIN lenses are commercially available in diameters as small as 350 m, allowing them to be inserted into needles as small as 22 gauge (inner diameter of 413 m) [31] . The combination of GRIN lens and needle may be the best method to solve image depth of multiphoton probe. To facilitate MPM image clinical pathology interpretation and histopathological diagnosis, MPM images can be mapped into pseudo-H&E colors to display structures and colors analogous to H&E staining. Image mosaicking and postprocessing also can be used to overcome trade-offs between resolution and field of view, enabling imaging of subcellular features over squarecentimeter specimens [35] . Once multiphoton endoscope serves as advanced endoscopic imaging technology for clinical applications like MCE, NBI, CT scanning, EUS, MRI scanning, assessing the tumor invasion depth will probably become its main application in the field of colorectal carcinoma.
Conclusion
In conclusion, we demonstrated that MPM has the ability to not only provide an immediate histological-like image to assess tumor invasion depth in colorectal cancer but also provide the quantitatively intrinsic biomarkers such as collagen content alteration and presence of dirty necrosis to evaluate prognosis of colorectal carcinoma. With the development and clinical applications of multiphoton endoscope, in vivo histological-like diagnosis of tumor invasion depth may become the main application of MPM in the field of colorectal cancer and lead to faster and improved therapeutic decision making in the clinics.
